Abstract Neuroimaging, including PET, MRI, and MRS, is a powerful approach to the study of brain function. This article reviews neuroimaging findings related to alcohol and other drugs of abuse that have been published since 2011. Uses of neuroimaging are to characterize patients to determine who will fare better in treatment and to investigate the reasons underlying the effect on outcomes. Neuroimaging is also used to characterize the acute and chronic effects of substances on the brain and how those effects are related to dependence, relapse, and other drug effects. The data can be used to provide encouraging information for patients, as several studies have shown that long-term abstinence is associated with at least partial normalization of neurological abnormalities.
Introduction
Neuroimaging traditionally has provided non-invasive anatomic views of the brain, but the applications of neuroimaging have expanded to include measurement of the concentrations of neurochemicals and specific proteins such as subtypes of neurotransmitter receptors or transporters, rates of metabolic pathways and blood flow, and the detection of functional or pharmacologic changes in the brain and evaluations of connections among brain regions. Over the past 3 years, the primary neuroimaging techniques used to study the effects of alcohol and other substances have been positron emission tomography (PET), magnetic resonance imaging (MRI), and magnetic resonance spectroscopy (MRS). Each approach has its own strengths and weaknesses, and there is the potential to utilize them synergistically. The following sections cover these methods in relation to specific substances.
Alcohol
A systematic review from 2011 identified more than 140 peerreviewed articles in the alcohol neuroimaging literature [1] . In alcohol-dependent (AD) subjects, structural MRI, including diffusion tensor imaging (DTI), has identified diffuse atrophy in gray matter and white matter tracts with concomitant ventricular enlargement. PET, MRS, and fMRI have identified profound neurophysiological deficits in patients with alcohol use disorder (AUD). The interested reader is referred to the aforementioned systematic review for additional details, as here we will focus exclusively on neuroimaging results published since that review.
PET
PET has been used successfully to measure activity of neurotransmitter systems, including endogenous opioid systems, in subjects with AUD. For example, μ-opioid receptor antagonists provide effective harm reduction strategies in the treatment of AUD, but little is known about the system postdetoxification. AD subjects who, 5 days into abstinence, were imaged for μ-and Δ-opioid receptor availability with the ligands [ multiple brain regions than controls [2] . The regions studied included the nucleus accumbens (NAcc)/ventral striatum (VS), where receptor availability was negatively correlated with craving, after correction for age, sex, and smoking. A study of μ-opioid and dopamine D 2 /D 3 receptor availability in abstinent AD patients used [ 18 F]-fallypride before and after administration of the μ-opioid receptor agonist remifentanil [3] . Although D 2 /D 3 receptor availability did not change after remifentanil administration, NAcc/VS binding potential was correlated with AD severity.
To study GABA receptor availability, the α 5 benzodiazepine receptor ligand [ 11 C]Ro154513 was administered to AD men who were abstinent for at least 6 weeks. It revealed significantly less binding potential in limbic structures (NAcc/VS and hippocampus) [4] . In AD patients, but not controls, bilateral hippocampal α 5 benzodiazepine receptor availability was positively correlated with delayed verbal memory performance.
Cannabinoid (CB1) receptors in recently abstinent AD subjects were imaged with [
11 C]OMAR, showing~20 % lower receptor distribution volume in limbic and cortical areas [5] . In a separate study with the ligand [
18 F]FMPEP, AD patients were studied at two time points: 3 -7 days after inpatient admission and after 2 -4 weeks of abstinence. Over time, CB1 receptor binding fell by 20 -30 % in all brain regions examined and was negatively correlated with years of abuse [6] . Additional studies are needed to validate these findings concerning CB1 receptor availability in AUD, especially as the endogenous cannabinoid system may be a therapeutic target.
MRI
MRI studies comparing AD patients to controls have revealed reduced cortical thickness in both hemispheres in AD patients; the effect is especially pronounced in women [7] . In crosssectional studies examining this effect in humans, it is difficult to control for confounds like nutrition and comorbidities and attributing causality specifically to alcohol. Longitudinal imaging of macaques voluntarily consuming ≥3 g/kg alcohol (~12 standard drinks) daily provided clearer evidence of causality [8] . By 6 months after the initiation of drinking, the macaques had persistent cortical and subcortical volume reductions related to the number of standard drinks consumed.
DTI, an MRI technique that evaluates the diffusivity of water in tissue, has been applied to investigate alcohol-related brain damage, including Wernicke's Syndrome, as described in an in-depth review that relates volume losses, white matter microstructure, and function [9] . The findings are consistent with the impaired attention and emotion processing seen with white matter fiber disruption [10] . Data show that patients can benefit from prolonged abstinence, with improvements in function and DTI-detectable white matter microstructure [11] .
Functional MRI (fMRI) is frequently used to study cognitive function, including cue reactivity/craving and impulsivity/cognitive control. Several recent fMRI studies reported more alcohol cue-induced attentional bias [12] and changes in areas involved in self-control, memory, and reflective thinking [13] compared to non-dependent controls. A meta-analysis of 28 studies that included 679 patients and 174 controls assessed cue-induced reactivity in patients with AUDs [14] . Alcohol cues increased fMRI blood-oxygen-level dependent (BOLD) contrast in the ventromedial prefrontal cortex and limbic regions relative to controls. There was also greater contrast in the parietal cortex, temporal cortex, superior temporal gyrus and precuneus in subjects with AUD.
In a study of impulsivity in young adult heavy drinkers and low-to-moderate drinkers, fMRI showed a decreased BOLD signal in the right superior frontal gyrus and left caudate on risk-taking compared with risk aversion trials [15] . A longitudinal study of college students used alcohol-related cues on a go/no-go task at three times before and during their freshman year [16] . Increased BOLD was observed bilaterally in the dorsolateral prefrontal cortex (DLPFC) and anterior cingulate cortex (ACC) over time, which was interpreted as the recruitment of cognitive resources.
A recent development in the study of AUD is the use of imaging genetics. One such study linked the tachykinin receptor 1 (TACR1) gene to alcohol-cue related BOLD increases in DLPFC, medial PFC (mPFC), cingulate cortex, caudate/putamen, insula, and lentiform nucleus [17] . One of the polymorphisms in that study was associated with BOLD activation in mesocorticolimbic circuitry in response to gustatory alcohol cues, consistent with links between TACR1 and anti-drinking effects of TACR1-targeted medications.
The effects of treatment have also been a target in fMRI paradigms. Bilateral posterior cingulate cortex signal was increased in AD patients in response to alcohol cues, though these signals vanished after 2 weeks of inpatient interventions, including treatment with acamprosate [18] . However, there was no significant difference between the acamprosate and placebo groups in cue-induced response, suggesting that the medication's effects are mediated by other factors (e.g., glutamatergic circuitry in the ACC) [19] . A study of injectable naltrexone in AD patients showed that, before treatment, alcohol-related cues increased fMRI contrast in the orbital, cingulate, inferior frontal and middle frontal cortices [20] . The effect abated in subjects who received long-acting injectable naltrexone.
MRS

1
H MRS showed lower glutamate and increased glutamine concentrations in the bilateral ACC in subjects with a current or past AUD compared to controls [21] , so glutamatergic alterations may predate AUD onset, or, if affected by alcohol itself, persist during abstinence, and potentially contribute to relapse. 1 H MRS in recently abstinent AD subjects showed a higher glutamate concentration in two critical nodes of central reward circuitry (NAcc/VS and ACC), with the concentration correlated with craving, suggesting that higher glutamate concentrations in early abstinence may predict relapse [22] . A study of the neurochemical impact of polysubstance use [23] showed that people who drink and also use at least one other substance have greater changes in the concentration of myoinositol (believed to serve as an osmotic regulator) and Nacetylaspartate (NAA, believed to reflect neuronal health) than those who have only AUD. A hypothesized mechanism in acute alcohol withdrawal is an imbalance between glutamatergic and GABAergic neurotransmission, which theoretically increases the risk for alcohol withdrawal-related seizures. A novel translational study showed a high brain glutamate concentration in human ACC and rodent mPFC during acute withdrawal [24] . 1 H MRS has also been used to study acute ethanol effects before and during a 1-hour intravenous alcohol administration. GABA concentration decreased 12 % within minutes of the infusion start and stayed constant, while NAA levels decreased gradually by 8 % [25] . Glutamate decreased (p= 0.019, but non-significant after Bonferroni correction), so possibly the elevations seen with chronic exposure reflect adaptations to ethanol's acute effects to decrease glutamate concentrations.
Energetics
PET measurements with substrates labeled with 11 C or 18 F, and MRS with the non-radioactive isotope 13 C have been applied to study brain metabolism. Acetate, a metabolic byproduct of ethanol produced in the liver, reaches 1 -2 mM in the blood and is readily oxidized by the brain. Moderate alcohol consumption reduced brain glucose uptake detected by PET [26] , and PET showed increased uptake of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] C]acetate with acute alcohol administration, with heavy drinkers trending toward higher uptake than light drinkers [27••] . Heavy drinkers have chronically elevated acetate concentrations, and 13 C MRS shows that their capacity to transport acetate into the brain and oxidize it is twofold greater than light drinkers [28••] , possibly due to chronic exposure to elevated monocarboxylic acids. Rats exposed chronically to ethanol also show increased oxidation of acetate [29] . The PET and MRS results are consistent with a report that elevations of blood ethanol and acetate decrease the rates of glucose oxidation and phosphorylation in rats, in proportion to the concentration of plasma acetate [30] . An additional factor may be intracerebral oxidation of ethanol itself. 13 C MRS in rats showed that for a blood ethanol concentration of~130 mg/dL, ethanol supplies 12 % of glial oxidation, and after 3 weeks of vapor exposure, it rises to 20 %, comprising about 3 % of total oxidative brain metabolism [31••] . Intracerebral oxidation of ethanol is significant in the promotion of oxidative stress and the formation of acetaldehyde in the brain, which has been shown to be rewarding [32, 33] . To summarize, cerebral energetic studies show that the brain consumes both alcohol and alcohol-derived acetate, with glucose consumption decreasing proportionately.
Based on the above and other preclinical studies [34, 35] , our group hypothesized that intravenous administration of acetate would decrease alcohol withdrawal symptoms. In an open-label pilot test of intravenous sodium acetate (0.6 g/kg) in a 42-year-old AD man during acute alcohol withdrawal, Clinical Institute of Withdrawal Assessment-Alcohol Revised (CIWA-Ar) scores were obtained during the infusion and up to 3 hours post-infusion. The CIWA score rose slightly from an initial value of 5 to 8 during the infusion, peaked afterward when the subject stood up and smoked, and then dropped to 0. His heart rate dropped sharply with the onset of the infusion (Fig. 1) . The subject reported feeling sedated during the infusion, which was confirmed by the research team. Although initially skeptical of the efficacy of the procedure, afterward the subject reported surprise at how much better he felt 2 hours later. In this single patient, intravenous acetate was welltolerated without long-term adverse consequences. Further testing for safety, tolerability, and efficacy is required.
Tobacco and Nicotine
PET
Nicotine affects many neurotransmitter systems and brain regions. In a within-subject PET study, smokers were scanned on two different days, either after smoking or while being idle and not smoking, and their craving and withdrawal symptoms were measured [36] . The subjects were injected with the radiochemical [ 11 C]PHNO, which binds primarily to D3 Fig. 1 Heart rate (beats per minute) during an intravenous infusion of sodium acetate in a 42-year-old alcohol-dependent Caucasian male. Compared to the start of the protocol, the heart rate dropped and remained consistent during the infusion, returning to its pre-infusion level after the infusion ended receptors, and dopamine released by smoking competes with PHNO, thereby displacing the radiotracer. The authors found that smoking increased dopamine release in D3-rich areas in association with reductions in craving and withdrawal symptoms. This extends recent previous work with the D2/D3-binding radiotracer [ 11 C] raclopride, which showed that smoking-induced dopamine release in the NAcc/VS was correlated with improved mood [37] . However, smoking cues are insufficient to release dopamine in smokers after an hour's abstinence, although overnight abstinence might have a measurable effect [38] . Smoking even denicotinized cigarettes causes dopamine release in the NAcc/VS, though less than with regular cigarettes [39] , which could be explained by findings from a PET study of nicotinic acetylcholine receptors (nAChRs). When smokers consume standard cigarettes (1 -2 mg nicotine), nAChRs are~80 % occupied, but after denicotinized cigarettes, the nAChRs showed~25 % occupancy, which is consistent with the 0.05 mg of nicotine that remains in denicotinized cigarettes [40] . The authors concluded that nicotine is responsible for essentially all nAChR binding [40] , so perhaps the small amount of remaining nicotine could promote dopamine release. A potentially related and intriguing finding is that second-hand smoke leads to~20 % nAChR occupancy in smokers and non-smokers alike [41] .
Other recent developments in PET include the creation of a new tracer, [ 18 F] AZAN, a nAChR ligand with high specificity and more rapid kinetics, thereby allowing shorter scan times [42] . A study with [
18 F] AZAN showed reduced α 2 β 4 receptor availability in smokers and also after treatment with varenicline, which binds to nAChR [43] . A novel target in the treatment of nicotine dependence is metabotropic glutamate receptors. Less availability of mGluR5-containing receptors is seen in smokers and ex-smokers [44] , and lower mGluR5 binding is related to the duration of abstinence, with less binding in people who stopped smoking more recently [45] .
MRI
MRI studies have shown both the structural and functional effects of acute and chronic smoking. An MRI study of 116 current smokers showed smoking cues increased BOLD response more than food cues in the orbitofrontal cortex (OFC) and supplementary motor cortex (SMC) [46] . Increased connectivity between the OFC and the SMC, lateral inferior parietal lobe, somatosensory cortex, right insula, and the striatum was also reported. The authors concluded that smokers' attentional networks are engaged more during smoking cues, while the sensorimotor and motor preparation circuits are associated with habitual behavior.
fMRI studies of nicotine, smoking, abstinence, and craving generally relate behavioral or cognitive effects to changes in BOLD contrast. Smokers abstinent for 24 hours displayed less accuracy and slower responses in working memory tests, compared to when they had smoked shortly before the scan; their BOLD response was also decreased [47] . However, the Stroop test revealed greater BOLD contrast after abstinence than after smoking [48] . Another study reported that nicotine patch administration increased BOLD contrast in the dorsal striatum in response to an anticipated monetary award [49] . After a period of abstinence of 16 weeks, aided with the nicotinic agonist varenicline, subjects who succeeded in their abstinence had greater BOLD activation in a distributed network of alertness, learning, and memory [50] . It appears that smoking and abstinence affect diverse cognitive activities, and different routes of nicotine administration, duration of abstinence, and abstinence-focused therapies may have differential effects.
DTI has generally been applied to chronic conditions, but recently DTI showed acute nicotine-related decreases in fractional anisotropy (FA) in relation to sustained attention performance [51] . An extensive, multimodal study used structural MRI, DTI, and MRS to evaluate interactions of alcohol abstinence and smoking [52] . In this study, smokers and nonsmokers displayed distinct patterns of white matter abnormalities in diffusivity, structure, and NAA levels, also differing regionally with recovery: smokers recovered more frontal white matter volume with alcohol abstinence than did nonsmokers.
Psychostimulants (Cocaine, Methamphetamine)
PET Dopaminergic signaling has been a target for the treatment of stimulant use disorders and has been studied using neuroimaging. An [ 11 C]raclopride study showed that methamphetamine abusers (MPHAs) (≤6 months abstinence) had less D2/D3 binding than controls [53] . The same patients showed less dopamine release than controls in response to methylphenidate administration. When the MPHAs were stratified by abstinence/relapse (10 abstinent/six relapsed) after 9 months, those who relapsed had less dopamine receptor availability and less dopamine release than controls or abstinent patients. The abstainers, however, showed no difference from controls. Thus, dopamine receptor availability and dopamine release might be useful to predict abstinence [53] . Consistent with dopamine receptor deficits, administration of methamphetamine to monkeys led to less dopamine receptor binding [54] and dopamine transporter availability, which was associated with increased gray matter in the putamen and altered responses to reward stimuli [55] . However, the effect of low dopaminergic activity is not clear. A study of polydrug-using MPHAs, employing the D3-preferring ligand [ 11 C]PHNO, showed that they had increased D3 binding in the globus pallidus and substantia nigra and slightly decreased binding in the striatum compared to controls. The authors concluded that D3 receptors may be upregulated in the MPHAs and contribute to their drug use and vulnerability to relapse [56] .
Dopamine receptor binding was also investigated recently in the context of cocaine and serotonin effects, using tryptophan depletion to decrease serotonin [57] . This study of non-dependent cocaine users showed that reductions of serotonin via tryptophan depletion was associated with increased drug craving and striatal dopamine release, which suggests that individuals with low serotoninergic activity may be at greater risk for abuse and relapse. A study of rats placed the D2/D3 receptor issue in a larger context by demonstrating that receptor availability was negatively correlated with preferences for cocaine and food, and binding was predictive of future weight gain [58] . A recent metabolic study using FDG-PET to study responses to cocaine cues found that the cues reduced global glucose utilization by 9 % in women but increased it by 5.5 % in men [59] . In women, the decrements occurred primarily in frontal, cingulate and parietal cortices, thalamus and midbrain, while in men the increase was in the right inferior frontal cortex. The authors noted that, based on these findings, gender-specific interventions may be beneficial in cocaine dependence.
A study of mGluR5 binding with [
11 C]ABP688 showed 20 % less binding in the striatum in cocaine dependent (CD) patients. This study was unique in its inclusion of 1 H MRS of glutamate and glutamine in the same individuals, revealing no differences in those metabolite concentrations [60] . The relationships between glutamatergic function and 1 H MRS measures of glutamate and glutamine levels remain to be clarified, likely differing due to diverse influences, including substance abuse.
MRI
Structural findings in cocaine and methamphetamine users, reviewed recently [61] , show consistent reductions of frontal cortex, particularly the ventral mPFC and insula, and enlarged striatum. MRI has also been used to investigate functional differences, and sometimes the regionality of fMRI contrast points to particular neurotransmitter systems. A study of macaques showed that cocaine self-administration decreased blood volumes in the basal ganglia and motor/pre-motor cortex [62] , which the authors hypothesized reflected a hypofunction of D 2 receptors that blunted cocaine-induced functional responses.
Targeting cognitive function in MPHAs, fMRI has been used to relate performance on the Stroop task to PFC BOLD contrast [63] . Compared to controls, MPHAs demonstrated less BOLD in the right inferior frontal cortex, ACC, and anterior insula during task-incongruent conditions of the Stroop task [64] , leading the authors to conclude that hypofunction underlies cognitive control deficits in MPHAs. fMRI also has prognostic potential for treatment, demonstrated by a study of treatment status and motivation to quit in CD patients [65] . Treatmentseeking, motivated CD patients had less BOLD contrast in many cortical regions in response to cocaine cues than non-treatment-seeking and less motivated participants. MRS A cross-sectional 1 H MRS study of MPHAs abstinent for 1 -5 years compared to those abstinent ≤6 months and control subjects, showed low NAA in short-term abstinence, but normal levels in those abstinent for 1 -5 years [66] . Although that study could not differentiate recovery of NAA with abstinence from selection bias (i.e., perhaps normal NAA is a characteristic of patients who will succeed with long-term abstinence), a longitudinal study of rhesus monkeys showed neurochemical normalization with abstinence [67] . MPHAs have also been shown recently to have lower levels of phosphocreatine than non-using controls [68] , and adolescents who use marijuana and methamphetamine have lower NAA than controls, but those who used methamphetamine alone had normal NAA [69] . Adolescent MPHAs who do not use marijuana may more effectively maintain NAA levels than adult MPHAs.
Marijuana
PET
Marijuana users (MUs) studied with [ 11 C]raclopride did not differ from controls in D2/D3 receptor binding, but receptor availability was negatively correlated with urine cannabinoid metabolite levels and self-reported recent intake [70] . [ 11 C]PHNO showed D3 binding in cannabis users to be greater in the striatum [71] , the opposite of what was reported for D3 binding in MPHAs [56] . CB1 receptor density in MUs showed differences outside the striatum and other regions that are often implicated in drug abuse. [ 18 F]FMPEP demonstrated that in MUs most of the cortex has low CB1 density, which normalized after 1 month of abstinence [72] . However, gender and psychopathology can affect results: in post-traumatic stress disorder, [ 11 C]OMAR binding, which reflects CB1 density, was abnormally high, with women more affected than men [73] . MRI DTI has shown less FA in MUs than in controls, and those who began using marijuana consistently before age 16 years showed a negative correlation between FA and impulsivity [74] . However, white matter volumes were recently reported not to differ in heavy MUs, while gray matter volumes differed heterogeneously-greater in the anterior cerebellum and lower in the amygdala and hippocampus, according to the amount of use [75] .
Using fMRI to study response to visual cues, MUs had slower motor reaction times than non-using controls, and BOLD contrast was more commonly located in regions associated with executive function than with automated function [76] . Healthy volunteers given delta-9-tetrahydrocannabinol orally showed less BOLD bilaterally in the temporal cortex during auditory processing, and some visual areas showed more BOLD and others less, with findings possibly related to induced psychotic symptoms [77] . Consistent with the effects of many other drugs of abuse, marijuana has repeatedly been associated with poorer cognitive performance. Incremental increases in marijuana consumption have also been positively correlated with go/no-go task BOLD activation in regions believed to subserve response inhibition [78] . Overlapping regions were reported to differ in MUs with respect to negative consequences in decision-making tasks [79] . In sum, BOLD contrast is altered in MUs with respect to sensory processing, decision-making, and cognitive performance.
MRS
A recent review addressed MRS studies of MUs [80] . A recent study showed lower levels of myoinositol globally in MUs than in controls [81] , and left thalamic myoinositol reductions in particular were associated with greater impulsivity [82] .
Opioids
PET
In heroin-dependent subjects (HDs), [ 11 C]raclopride before and after a challenge with methylphenidate revealed lower D2/D3 availability and dopamine release, although deficits did not predict heroin self-administration [83] . Brain energetics were investigated with FDG-PET in HDs and across many other substances, including cocaine, marijuana, stimulants, and ecstasy, showing that users of these substances have lower glucose metabolism in the DLPFC and temporal cortex than controls [84] . With comorbid AUD, there were also deficits in the frontal premotor cortex and putamen.
MRI
A DTI study in HDs with an average of 9 years of drug use (including polysubstance users and those stable on methadone or buprenorphine) showed that opioid use is associated with white matter damage [85] . A longitudinal study suggests that such microstructural abnormalities develop over time, based on the finding of more severe abnormalities in individuals with 10 -20 years of use than those using <10 years [86] . fMRI in HDs showed that acute heroin administration decreased BOLD contrast in the right inferior frontal cortex, which was associated with attention allocation [87] . MRS 1 H MRS measures in the ACC of HDs maintained on methadone or buprenorphine showed a positive association between glutamate levels and the number of previous withdrawal episodes but no difference in ACC glutamate relative to controls [88] . Also noted were abnormally high levels of choline in frontal white matter. Another study of HDs showed high levels of myoinositol associated with maintenance on buprenorphine or low-dose methadone (5-15 mg/day), but normal myoinositol for patients on higher doses of methadone [89] . Methadone was also associated with normal NAA and Glx (combined 1 H MRS-detectable glutamate and glutamine). 1 H MRS has also shown an environmental effect in opioid addiction: a significant negative correlation between NAA and social discrimination [90] .
Cerebral Perfusion and BOLD
fMRI studies of smoking, drinking, methamphetamine use, and abuse of other substances should be planned carefully and interpreted with caution. For example, acute nicotine increases cerebral blood flow (CBF) in the thalamus, pons, occipital cortex, and the cerebellum, and it decreases CBF in the ACC, NAcc/VS, amygdala, and hippocampus, with some dependence on plasma nicotine concentrations [91] [92] [93] . The effects are greater after the first cigarette of the day compared to later smoking [93] . Heart rate is also significantly correlated with plasma nicotine concentrations [91] and can confound fMRI studies if not considered in data acquisition and analysis. Smoking chronically has long been known to reduce CBF [94] , while acute smoking increases global CBF without changing oxygen extraction [95] . Acute alcohol administration alters CBF and blood volume globally, with regional variations [96] [97] [98] [99] [100] , as does chronic heavy alcohol consumption [101] [102] [103] and alcohol withdrawal [104] [105] [106] . Amphetamines, both acutely and chronically, alter cerebral perfusion [107] [108] [109] [110] . Changes in cerebral perfusion and vascular responses signify alterations in the mechanistic links between neuronal activity and CBF (and, hence, BOLD signal) that are used as surrogate markers of neuronal activity. A recent study focused precisely on this issue in rats exposed to cocaine [111••] . For studies that seek synchrony in BOLD response, such as that evaluated for functional connectivity and mode networks, there exist additional confounds: with breathing and pulsatile blood flow, the transit times for oxygenated blood, local volume expansions and rates of flow will lead to some brain regions matching others, producing BOLD synchrony among those regions, independent of neuronal activity. Medications, emotional and cognitive tasks, age, and other factors that alter heart rate, vascular elasticity, and blood volume, sometimes in spatially heterogeneous ways, will change that synchrony. An opportunity exists to investigate the links between fMRI contrasts and neuronal activity in conditions such as substance abuse and such studies will be important for the accurate interpretation of fMRI.
Conclusions
Observed as a set, the neuroimaging studies reviewed here reflect several themes on the effects of alcohol and drugs of abuse that have been investigated. One is a trend toward the characterization of individual patients or groups, with the goal of predicting their prognosis or personalizing treatment. Next, there is a trend toward more acute and dynamic studies of drug or medication effects, or longer-term studies extending over hours, days, or years to study chronic factors. Third, degradation of white matter structure is seen across a number of substances, and has in several cases been associated with cognitive deficits that could, in turn, make abstinence more difficult to achieve and maintain. It is important to identify risk factors for cognitive deficits and structural and neurochemical abnormalities so that the research community can seek ways to ameliorate their impact. A final practical conclusion is the need to consider specific factors when studying any of these substances. Environmental factors like social discrimination and stress are likely to affect both research results and clinical outcomes, as will the number of previous withdrawal episodes in dependent patients. Finally, the data presented here offer some encouraging news: multiple studies of diverse substances present the neuroimaging correlates of recovery, although with a caveat that subtle abnormalities may persist in some patients and increase both short-and long-term vulnerability to relapse.
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